Meis homeodomain transcription factors control cell proliferation, cell fate specification and differentiation in development and disease. Previous studies have largely focused on Meis contribution to the development of non-neuronal tissues. By contrast, Meis function in the brain is not well understood. Here, we provide evidence for a dual role of the Meis family protein Meis2 in adult olfactory bulb (OB) neurogenesis. Meis2 is strongly expressed in neuroblasts of the subventricular zone (SVZ) and rostral migratory stream (RMS) and in some of the OB interneurons that are continuously replaced during adult life. Targeted manipulations with retroviral vectors expressing function-blocking forms or with small interfering RNAs demonstrated that Meis activity is cell-autonomously required for the acquisition of a general neuronal fate by SVZ-derived progenitors in vivo and in vitro. Additionally, Meis2 activity in the RMS is important for the generation of dopaminergic periglomerular neurons in the OB. Chromatin immunoprecipitation identified doublecortin and tyrosine hydroxylase as direct Meis targets in newly generated neurons and the OB, respectively. Furthermore, biochemical analyses revealed a previously unrecognized complex of Meis2 with Pax6 and Dlx2, two transcription factors involved in OB neurogenesis. The full proneurogenic activity of Pax6 in SVZ derived neural stem and progenitor cells requires the presence of Meis. Collectively, these results show that Meis2 cooperates with Pax6 in generic neurogenesis and dopaminergic fate specification in the adult SVZ-OB system.
mammalian brain. Adult neural stem cells exhibit astroglial characteristics, proliferate slowly and produce an intermediate population of fast dividing progenitor cells (transient amplifying progenitors, TAPs), which in turn give rise to neuroblasts. Neuroblasts express traits of immature neurons such as neuronspecific class III β-tubulin (TuJ1; also known as Tubb3), the polysialylated form of neural cell adhesion molecule (PSA-NCAM) or the microtubule-associated protein doublecortin (Dcx). SVZ-born neuroblasts migrate in chains along the rostral migratory stream (RMS) towards the olfactory bulb (OB), where they differentiate into a wide variety of phenotypes, including GABAergic granule cells (GCs) in the granule cell layer (GCL), glutamatergic juxtaglomerular neurons and periglomerular interneurons (PGNs) in the glomerular layer (GL). The latter are further classified as either dopaminergic, calbindin-expressing or calretinin-expressing cells (Parrish-Aungst et al., 2007) . These diverse populations of OB neurons originate from distinct regions within the SVZ or RMS (Hack et al., 2005; Merkle et al., 2007; De Marchis et al., 2007) . In fact, SVZ-derived stem and progenitor cells largely retain their regionally pre-specified differentiation potential after heterotopic transplantation (Merkle et al., 2007) . Cell-intrinsic mechanisms, including the differential expression of transcriptional regulators, are therefore of particular importance for neuronal subtype specification in the SVZ-OB neurogenic system. The exact nature of these intrinsic determinants is just beginning to be elucidated. The pairedtype transcription factor Pax6 and the distal-less transcription factor Dlx2, for instance, together instruct a dopaminergic/GABAergic fate, the zinc-finger transcription factor Sp8 is required for the generation of calretinin-expressing PGNs, whereas glutamatergic interneurons derive from progenitors expressing neurogenin 2 or Tbr2 (also known as Eomes) (Brill et al., 2009; Brill et al., 2008; Hack et al., 2005; Hsieh, 2012; Kohwi et al., 2005; Kohwi et al., 2007; Waclaw et al., 2006) . These and other studies have led to the view that migrating neuroblasts express defined combinations of transcription factors, which reflect particular lineage restrictions.
Meis1-3 belong to the TALE (three amino acid loop extension) class of atypical homeodomain (HD)-containing transcription factors, which are characterized by three extra amino acids between helix 1 and helix 2 of the homeodomain. They form heteromeric complexes with other transcriptional regulators, including the related PBC family, members of the Hox clusters or basic helix-loop-helix (bHLH) proteins (Chang et al., 1997; Knoepfler et al., 1999; Moens and Selleri, 2006; Moskow et al., 1995) . Meis proteins regulate cell cycle kinetics and cell fate specification of distinct progenitor cells and control various developmental processes, including limb, heart, retina and brain development (Agoston and Schulte, 2009; Agoston et al., 2012; Bessa et al., 2008; Choe et al., 2009; Heine et al., 2008; Hisa et al., 2004; Mercader et al., 1999; Paige et al., 2012; Vitobello et al., 2011) . In the hematopoietic system, Meis1, along with Pbx and Hox proteins, is essential for the correct balance between selfMeis2 is a Pax6 co-factor in neurogenesis and dopaminergic periglomerular fate specification in the adult olfactory bulb renewal and maturation of primitive progenitors. Furthermore, Meis1 dysregulation is a frequent occurrence in MLL-induced leukemia, implicating Meis family proteins in hematopoietic stem and progenitor cell activity in the adult under physiological and pathophysiological conditions (Calvo et al., 2001; Nakamura et al., 1996; Wong et al., 2007) . Expression of Meis2 in the adult SVZ, OB and in SVZ-derived neuroblasts has been observed, but if and how Meis2 contributes to adult SVZ neurogenesis is still unknown (Allen et al., 2007; Marei et al., 2012; Parmar et al., 2003; Pennartz et al., 2004) . Here, we provide experimental evidence that Meis2 functions as an essential Pax6 co-factor in adult SVZ neurogenesis and identify Dcx and tyrosine hydroxylase as direct Meis2 targets in this system.
RESULTS

Meis2 is expressed in the SVZ, RMS and distinct neuronal populations of the OB
We first assessed Meis2 expression in 5-to 7-week-old mice. Strong Meis2 transcript expression was visible in the RMS and the dorsal/lateral walls of the lateral ventricle ( Fig. 1A-E ; supplementary material Fig. S1 ). Prominent expression was also seen in the OB, with high levels in the GCL and in dispersed cells in the GL (Fig. 1B,F) . Notably, the dentate gyrus of the hippocampus was devoid of Meis1 or Meis2 specific transcripts and protein ( Fig. 1G,H ; supplementary material Fig. S1 ; data not shown). In agreement with published data, we detected transcripts specific for the paired type transcription factor Pax6 in the SVZ, RMS and in some OB neurons (supplementary material Fig. S1 ) (Hack et al., 2005) . On the cellular level, we did not detect strong Meis2 protein expression in Gfap-positive cells, including neural stem cells (NSCs) and astrocytes of the SVZ and RMS, or in rapidly proliferating, Ascl1 (Mash1)-expressing TAPs (Fig. 1I-K) . By contrast, 97.7% (±1.6% s.d.) of all neuroblasts, which can be recognized by antibodies directed against neuron-specific class III β-tubulin (TuJ1), PSA-NCAM or Dcx, were strongly Meis2 immunoreactive ( Fig. 1I-L ; data not shown). Consistent with the prominent expression of Pax6 in neuroblasts, we found extensive colocalization of Meis2 and Pax6 in migrating neuroblasts of the SVZ, RMS and the inner part of the OB (Hack et al., 2005) (Fig. 1L;  Fig. 2G ). The few neuroblasts that were negative for Meis2 may represent Tbr1-or Tbr2-expressing neuroblasts, which are fated to generate glutamatergic, juxtaglomerular neurons (Brill et al., 2009 ).
In the OB, the vast majority of granule cells were labeled with the Meis2-specific antibody as well as ~60% of the PGNs, whereas Gfap-expressing astrocytes were Meis2 negative ( Fig. 2A,A′) . Among the three major neurochemically distinct populations of PGNs, 94.4% (±3.09%) of the dopaminergic neurons (identified by their expression of tyrosine hydroxylase, Th) expressed Meis2 (Fig. 2B,E) , as did 62.9% of the calbindin-positive neurons (±2.1%; Fig. 2C ,E) and 28.3% of the calretinin-positive cells (±1.4%; Fig. 2D ,E). Neurogenin 2-expressing cells in the OB, including mitral cells, did not label for Meis2 (Fig. 2F ). Dopaminergic fate specification in the OB requires the concerted activities of Pax6, which is almost exclusively expressed in dopaminergic PGNs in the OB, and of the homeodomain protein Dlx2, which is co-expressed with Pax6 in dopaminergic PGNs but also present in granule cells and in a subpopulation of calbindin-positive PGNs (Brill et al., 2008; Hack et al., 2005) . Consistently, 83.5% (±2.5%) of all Pax6+ PGNs also expressed Meis2 and the immunoreactivity for Meis2 and a pan-Dlx antibody recognizing all Dlx family proteins, Gfap (green) , Dcx (blue); (J) Meis2 (red), Ascl1 (green), Dcx (blue); (K) Meis2 (red), Dcx (green) and BrdU pulse-labeled cells (blue) in the emerging RMS, arrowheads mark BrdU pulse-labeled TAPs; (L) co-expression of Meis2 (red) and Pax6 (green) with Dcx (blue) in the SVZ. C is a higher magnification of the boxed area in B. The region shown in I-L is marked by the red box in C. GCL, granule cell layer; GL, glomerular layer; HC, hippocampus; LV, lateral ventricle; OB, olfactory bulb; RMS, rostral migratory stream; SVZ, subventricular zone. Scale bars: 100 µm in H; 50 µm in I-K.
including Dlx2, largely overlapped ( Fig. 2H-J) . Our data thus correspond well to a previous study (Allen et al., 2007) and suggest that dopaminergic PGN specification may broadly require Meis2. In a GAD67::GFP mouse line, which expresses enhanced green fluorescent protein (GFP) under the control of glutamic acid decarboxylase (GAD) 67 (Gad1 -Mouse Genome Informatics) (Tamamaki et al., 2003) , most GAD67::GFP-positive cells were labeled for Meis2 (Fig. 2K-L′) . To test if Meis2 immunoreactive cells are replaced during adult life, we labeled newly generated OB neurons by continuous application of BrdU in the drinking water for three weeks followed by a three-week differentiation period. Nearly all BrdU-labeled neurons in the GCL and ~60% of all newly generated PGNs were Meis2 positive ( Fig. 2M ; data not shown). This correlates well with the overall distribution of Meis2-expressing neurons within these cell populations.
Meis activity is required for neurogenesis of adult neural stem and progenitor cells in vitro and in vivo Adult stem and progenitor cells of the SVZ can be propagated as neurospheres in vitro in the presence of Egf and Fgf2 and differentiate into neurons, astroglia or oligodendrocytes upon growth factor withdrawal (Reynolds and Weiss, 1992) . When SVZ-derived neurospheres were differentiated, strong nuclear Meis2 staining was specific for young, TuJ1-and Dcx-positive neurons (Fig. 3A,B) . By contrast, Gfap-expressing astrocytes and O4-positive oligodendrocytes, which can be detected in the cultures after seven days of differentiation by their expression of the O4 antigen, did not exhibit strong Meis2 immunoreactivity (Fig. 3C,D) . To test if Meis2 expression was required for neuronal differentiation, we reduced Meis expression by small interfering RNA (siRNA)-mediated knockdown ( Fig. 3E-H) . Because TALE proteins share high sequence similarity and frequently function redundantly, we cotransfected siRNAs targeting Meis1 and Meis2 to exclude possible compensation between the two proteins (Azcoitia et al., 2005; Capellini et al., 2006) . Efficient Meis protein knockdown was confirmed by western blot (Fig. 3E ). Two days after growth factor withdrawal, cells transfected with control siRNA molecules had generated 9.1% neurons and 35.5% astroglia. Upon Meis knockdown however, the number of neurons decreased to 2% (Fig. 3F-H) . The few TuJ1-positive cells present in Meis1/2 siRNA- In previous studies investigating Meis2 in the context of retinal, tectal or lens development, we and others had shown that MeisEnR fusion proteins function as dominant negatives exclusively in cells that endogenously express Meis1 or Meis2 (Agoston and Schulte, 2009; Heine et al., 2008; Zhang et al., 2002) . Neurosphere cells that were transduced with Meis2EnR and then allowed to differentiate for three days generated markedly fewer TuJ1-expressing neurons than did non-transfected cells or cells that were infected with the GFP-bearing control virus (Fig. 3I ,J,L; data not shown). To examine whether Meis2EnR inhibited neuronal differentiation or merely delayed it, we differentiated Meis2EnR-transduced neurosphere cells for 7 days. Still, TuJ1-positive neurons were very infrequent in the cultures, suggesting that Meis2EnR indeed interfered with neurogenesis ( Fig. 3L) . Concomitantly, the percentage of Gfap-positive astrocytes generated from Meis2EnR-infected cells increased (Fig. 3L ). Meis2EnR-transduced neurosphere cultures also contained more oligodendrocytes than did GFP-transduced controls, although their numbers did not reach statistical significance, possibly as a result of the relative low frequency at which these cells differentiate in vitro and their protracted maturation (Fig. 3L ). Forced expression of Meis2 did not affect neurogenesis or gliogenesis to a statistically significant degree relative to the GFP control (Fig. 3K,L) .
To relate the observations described above to cell fate decisions in vivo, we stereotactically injected these retroviruses into the SVZ of adult mice. Three days after injection of the GFP-bearing control virus, many infected cells had entered the RMS and migrated towards the OB, and 92.1% (±2.44% s.e.m.) of them already expressed neuronal markers such as PSA-NCAM (Fig. 4A,D) . Upon transduction of Meis2, still 78.9% (±7.4% s.e.m.) of the transduced cells were immunoreactive for PSA-NCAM (Fig. 4B,D) , whereas only 8.5% (±1.0% s.e.m.) of the Meis2EnR transduced cells expressed PSA-NCAM (Fig. 4C,D) . Comparable results were obtained for Dcx expression (Fig. 4E-G) . Notably, the proportion of Gfap-positive astroglia generated from transduced cells at 4 days post transduction increased from 0.58% (±0.293% s.e.m.) in GFPinjected controls to 9.8% (±4.4% s.e.m.) in Meis2EnR-injected animals ( Fig. 4H-J) . Likewise, 10 days post injection retrovirally labeled neuroblasts were still streaming from the SVZ in GFP-but not in Meis2EnR-transduced animals (data not shown). Interestingly, at all time points analyzed retrovirally transduced cells were clearly less frequent in Meis2EnR-infected specimen than in GFP transduced controls, despite the fact that equal titer viruses were injected and no increased cell death was observed (data not shown). This observation corresponds well with a very recent report in which continuous live imaging of SVZ-derived progenitor cells revealed that neurogenic cells undergo considerably more rounds of cell division before they terminally differentiate than do progenitors fated to become astroglia (Ortega et al., 2013) . We therefore concluded that Meis2 is necessary for neuronal differentiation of SVZ-derived progenitor cells and that interfering with its function favors astrogliogenesis over neurogenesis.
Meis activity is required for dopaminergic periglomerular fate specification in vivo
The near-ubiquitous Meis2 expression in dopaminergic PGNs and its colocalization with Pax6 prompted us to investigate a possible role of Meis2 in the specification of this neuronal subtype. In order to target this population, we injected the CLIG-retroviruses into the RMS (Hack et al., 2005; Mendoza-Torreblanca et al., 2008) . Three weeks after injection of the GFP-expressing control virus, nearly half of the GFP-positive PGNs expressed Pax6 (45.25±2.25% s.e.m.), and 6.7% (±0.9% s.e.m.) were already labeled for Th (Fig. 5A,D) , increasing to 32.1% (±1.97% s.e.m.) at 60 days post injection, consistent with the protracted differentiation of dopaminergic PGNs (Fig. 5D ). Dopaminergic PGNs were also readily generated from Meis2-transduced neuroblasts (Fig. 5B,D) . By contrast, Meis2EnR-transduced cells populating the GL exhibited the cellular morphology of mature neurons, but none of them expressed Pax6 or Th ( Fig. 5C,D ; supplementary material Fig. S4 ) and only a few Meis2EnR-transduced cells were immunoreactive for Gad67 (data not shown). Consistent with their morphology, Meis2EnR-expressing cells did not revert to a neuroblast fate, as evident in the absence of TuJ1 or PSA-NCAM expression (data not shown). The absence of GAD-or Thexpression is thus unlikely to result from compromised differentiation. Notably, the proportion of calretinin-immunoreactive PGNs increased following Meis2EnR transduction, indicative of a change in cell fate from dopaminergic to calretinin+ PGNs (supplementary material Fig. S4 ). Generation of calbindin+ cells, by contrast, was unaffected by Meis2EnR misexpression (5.9±1.2% for Meis2EnR, 5.2±1% for GFP control). These results are consistent with a previous study, which showed that loss of Pax6 or forced expression of a function-blocking form of Dlx2 reduced the proportion of dopaminergic neurons and increased the number of calretinin+ cells without affecting the calbindin+ PGN population (Brill et al., 2008) . Conversely, Dlx2 overexpression was shown to increase the proportion of Th + PGNs at the expense of calretinin+ PGNs (Brill et al., 2008) .
Meis2 forms heteromeric complexes with Pax6 and Dlx2 in the adult SVZ-OB system
Meis family proteins frequently function as co-factors of other transcriptional regulators (Moens and Selleri, 2006 ) and forced expression of Meis2 was not sufficient to induce neuronal differentiation or dopaminergic fate specification in our system. This suggests that Meis2 may synergize with other transcription factors to exert its function in adult SVZ neurogenesis and PGN specification. On the basis of their expression patterns, Pax6 and Dlx2 are excellent candidates: both proteins dimerize in the SVZ and OB, they function cooperatively in SVZ neurogenesis and dopaminergic PGN specification and their expression colocalizes with that of Meis2 in the RMS and OB (Brill et al., 2008; Hack et al., 2005; Kohwi et al., 2005; Kohwi et al., 2007) .
Pull-down experiments with a GST-tagged form of Meis2 and protein extracts from OB or SVZ tissue enriched two Pax6-immunoreactive protein bands of 48 and 51 kDa, presumably corresponding to canonical Pax6 and the alternatively spliced Pax6(5a) (ppt; Fig. 6A, upper panel) . Upon re-probing the blots with the panDlx antibody, prominent Dlx-specific protein bands of 38 kDa and 32 kDa (presumably corresponding to Dlx2 and Dlx1, respectively) were detected in the Meis2 precipitates (Fig. 6A, lower  panel) . Presence of Meis2-and Pax6-containing protein complexes in vivo was corroborated by co-immunoprecipitation experiments from nuclear extracts of OB tissue (Fig. 6B) . Because co-expression of Meis2 and Pax6 in the OB is restricted to migrating neuroblasts and dopaminergic PGNs, only a fraction of the Meis2 protein present in the lysates was found to associate with Pax6. Meis2-Pax6 interaction was direct, occurred in vitro with the three major Pax6 isoforms that are expressed in the brain, canonical Pax6 [Pax6(−5a)], the longer Pax6(+5a) isoform, and the truncated paired-less Pax6 variant, and involved the Meis2 homeodomain ( Fig. 6C-F) . In addition, mutual direct interaction between Pax6, Dlx2 and Meis2 was observed in vitro (Fig. 6G,H) . Collectively, these results argue that Meis2 partakes in Pax6-Dlx2-containing transcription factor complexes in the SVZ/OB neurogenic system. Meis2, Dlx2 and Pax6 are also co-expressed in other regions of the embryonic and adult central nervous system, including the neural retina (Bumsted-O'Brien et al., 2007; de Melo et al., 2003) . Indeed, Meis2-Pax6-and Meis2-Dlx-containing protein complexes were successfully purified from retinal extracts by pull-down and immunoprecipitation (supplementary material Fig. S5 ). Meis2-Pax6-Dlx2-containing transcriptional complexes are thus part of an evolutionarily conserved program.
Meis2 and Pax6 functionally interact
To test whether Meis2, Pax6 and Dlx2 functionally cooperate during adult SVZ neurogenesis, we took advantage of the pro-neurogenic activity of Pax6 (Hack et al., 2005) . Neurosphere cells were transfected with an siRNA cocktail targeting Meis1 and Meis2, immediately infected with Pax6-expressing retroviruses and differentiated 24 hours later. Upon retroviral transduction of Pax6, SVZ-derived neurospheres generated neurons at high frequency (Fig. 6I) . By contrast, when Pax6 gain of function was combined Reporter activation is expressed as fold induction relative to reporter activity in the absence of Meis2, Pbx1 and Pax6. cyt, cytoplasmic extract; in, input; IP, immunoprecipitate; nucl, nuclear extract; ppt, precipitate of the pull-down reaction; precl, protein precipitates pre-cleared with glutathione-coupled beads prior to the addition of the GST-fusion protein; sup, supernatant of the pull-down or IP reaction; w, final wash. Error bars represent s.e.m. ***P<0.001.
with Meis1/2 knockdown, the neurogenic potential of Pax6 was largely abolished (Fig. 6I) . However, the number of neurons produced from Pax6-siMeis1/2 double-transfected cells still slightly exceeded basal levels. This may result from uneven uptake of the siRNAs across the neurosphere cultures leading to some cells having escaped Meis1/2 knockdown. The loss of Pax6-derived neurogenic activity in the absence of Meis1/2 could be explained by three different scenarios: (1) Pax6 acts upstream of Meis2 and regulates neurogenesis by controlling Meis2 expression, (2) Pax6 and Meis2 function in parallel, non-redundant pathways and regulate different sets of target genes necessary for neuron differentiation, or (3) complex formation with Meis2 is essential for the neurogenic activity of Pax6. To test whether Meis2 is a Pax6 target gene during SVZ neurogenesis, we transduced neurosphere cultures with Pax6. Meis2 protein is weakly expressed in neurosphere cells, but levels were not raised by forced Pax6 expression (Fig. 6J) . To test the possibility that Meis2 and Pax6 regulate common target genes, we focused on Dcx, a microtubule-associated protein, expression of which is characteristic of newborn, migrating neurons, including neuroblasts of the RMS (Francis et al., 1999; Gleeson et al., 1999) . In silico analysis of known genomic regions that act as Dcx enhancers or promoters revealed the presence of stretches of overlapping or adjacent consensus sites for Pax6, Dlx and Meis/Pbx (Karl et al., 2005; Piens et al., 2010 ) (supplementary material Fig. S6 ). Indeed, a luciferase reporter in which firefly luciferase expression is driven by a 2073-bp genomic fragment of the murine Dcx locus (DCX 2073) was readily activated in HEK293T cells by co-transfection of Pax6, of Meis2, of the Meis-interacting protein Pbx1 or of Meis2 together with Pbx1 (Fig. 6K ). This corresponds well to previous studies, which had shown that Meis2 possesses transcriptional activator function (Heine et al., 2008; Hyman-Walsh et al., 2010) . Importantly, transfection of Meis2 together with Pax6 (with or without Pbx1) significantly increased reporter activation over transfection of each transcription factor alone, arguing against the possibility that Meis2 and Pax6 regulate neurogenesis through separate pathways and by means of different target genes. Collectively, our results argue that Pax6 requires Meis2 to promote neurogenesis from SVZ derived stem and progenitor cells.
To investigate whether Meis2 and Pax6 act directly on Dcx in vivo, we performed chromatin immunoprecipitation (ChIP) from adult SVZ-derived neurospheres that had been differentiated in vitro towards the neuronal lineage. We focused on two stretches of closely located binding sites for Meis2, Pax6 and Dlx, termed DCXI and DCXII ( Fig. 7A; supplementary material Fig. S6 ). The Meis2 antibody efficiently precipitated both Dcx chromatin fragments, as did an antibody specific for Pax6 and the panDlx antibody (Fig. 7B,C) . In young neurons, the Dcx promoter region is thus bound by Meis2, Pax6 and Dlx at closely located sites. An unrelated genomic region, the promoter/enhancer of Gapdh, was not enriched (Fig. 7C) . As expected for young neurons, RNA polymerase II (RNApolII) also occupied the Dcx and Gapdh promoter regions. ChIP with the Meis2-specific antibody from undifferentiated SVZderived neurosphere cultures, by contrast, did not enrich the DCXI or DCXII chromatin fragments above background levels ( Fig. 7D ; data not shown). Thus, the Dcx locus is not bound by Meis2 prior to cellular differentiation. Specificity of the Meis2 antibody was demonstrated by two independent approaches. First, Dcx was not precipitated from acutely dissociated dentate gyrus (where Meis2 protein is absent but Dcx is strongly expressed) (Fig. 7D) . Second, the Meis2 antibody did not precipitate the myogenin promoter, which is bound by Meis2 in differentiating myoblasts (Berkes et al., 2004 ) from neurons (data not shown). To relate Meis2 occupancy to Dcx enhancer/promoter activation, we generated truncated Dcx reporters, which lack the TALE/Pax6-binding sites DCXI and/or DCXII. As observed for the DCX2073 enhancer/promoter, reporter activity of a shorter Dcx enhancer construct (DCX1112) was strongly stimulated by co-transfection of Meis2, Pbx1 and Pax6 (Fig. 7E) . Deletion of the DCXI binding site resulted in a modest reduction of reporter activity upon co-transfection with the three transcription factors, whereas deletion of both DCXI and DCXII completely abolished transactivation by Meis2/Pbx1/Pax6 (Fig. 7E) . Hence, Meis2 directly transactivates Dcx and its association with Dcx regulatory elements accompanies neuronal differentiation specifically in adult SVZ-derived neurons.
Because Meis2 function was also required for dopaminergic neuron differentiation in vivo, we also considered Th, the ratelimiting enzyme for the production of L-DOPA, as possible Meis2 target. In silico analysis of a published promoter/enhancer region of the Th gene (NCBI Acc. No. AF415235) revealed several Meis consensus binding sites. In vivo ChIP analysis with the Meis2-specific antibody and chromatin prepared from the adult mouse OB profoundly enriched a consensus binding motif located at position −3479 relative to the Th start codon and to a lesser extent a motif located at position −250 (Fig. 7F) . Meis2 thus functions in adult SVZ neurogenesis and PGN specification by directly acting on the regulatory regions of genes that are important in both contexts: Dcx for differentiation towards a general neuronal fate and Th for dopaminergic neurotransmitter subtype specification.
DISCUSSION
Here, we present evidence implicating the TALE homeodomain protein Meis2 in two key aspects of adult olfactory bulb neurogenesis in mammals. Targeted manipulations with retroviral vectors expressing function-blocking forms or with siRNAs demonstrated that Meis activity in the SVZ is cell-autonomously required for neuronal differentiation, and Meis2 activity in the RMS is important for the generation of dopaminergic PGNs in the OB. Meis2 forms higher order protein complexes and functionally cooperates with Pax6, a known regulator of SVZ neurogenesis and dopaminergic PGN specification. In addition, we identify Dcx and tyrosine hydroxylase as direct Meis2 target genes. Together, these findings contribute to an emerging model of how the concerted activities of transcriptional regulators steer cell fate decisions in the adult SVZ-OB system.
Multi-protein networks involving Meis family members in the brain
Meis family proteins form dimeric or trimeric complexes with other transcription factors. In the hindbrain, the PBC proteins Pbx1-4 and members of the Hox clusters are major Meis-binding partners (Elkouby et al., 2012; Maeda et al., 2002; Vlachakis et al., 2001; Wassef et al., 2008) , but only a few proteins are known to associate with Meis family proteins in the mes-, di-or telencephalon. These include Oct1 (Slc22a1), which cooperates with the Meis-related Prep1 (Pknox1) to control expression of gonadotropin-releasing hormone in the hypothalamus, and Otx2, Pax3 and Pax7 during tectal development (Agoston and Schulte, 2009; Agoston et al., 2012; Rave-Harel et al., 2004) . The findings reported here now identify Pax6 and Dlx2 as Meis-interacting proteins in the forebrain. Pax6, an evolutionarily highly conserved transcription factor, controls proliferation, patterning, and cell fate specification in the brain and retina. Different variants of Pax6 exist, which contact DNA through distinct domains. Canonical Pax6[Pax6(−5a)] binds DNA primarily through the N-terminal portion of the paired domain (the PAI-domain), in Pax6(+5a) the DNA-binding potential of the C-terminal RED-domain predominates, whereas the 'paired-less' isoform utilizes the homeodomain for DNA binding (Epstein et al., 1994; Kleinjan et al., 2004; Kozmik et al., 1997; Mishra et al., 2002) . All three isoforms recognize distinct DNA consensus sites and participate in the regulation of different developmental processes (Epstein et al., 1994; Haubst et al., 2004; Singh et al., 2002; Walcher et al., 2013) . As we show here, all three isoforms can directly associate with Meis2. Combining Pax6 gain of function with Meis1/2 knockdown in vitro demonstrated that the neurogenic potential of Pax6 requires Meis protein activity, which underscores the importance of Meis-Pax6 complex formation in the SVZ/OB system. Notably, Pax6 and Dlx2 also bind to Meis2 in protein extracts of the embryonic chick eye. This observation not only suggests that Meis2 may function as a more general Pax6-and Dlx2-binding partner, but also argues for the evolutionary conservation of a Meis-Pax-Dlx-containing molecular cassette. Recruitment of genetic components, which have been adapted to new physiological contexts, is not unprecedented. For instance, vertebrate muscle development requires the synergistic activities of homologs of the dachshund, eyes absent and sine oculis gene products, which act together to control eye development in Drosophila melanogaster (Heanue et al., 1999) . It remains to be determined, however, whether Meis2, Pax6 and Dlx2 act as a trimeric protein complex or as individual Meis-Pax, Meis-Dlx and Pax-Dlx dimers and whether other proteins can also associate with them. It is also interesting to note that Pax6 is a Meis target gene in the retina, lens and pancreas (Carbe et al., 2012; Heine et al., 2008; Zhang et al., 2002; Zhang et al., 2006) . Conversely, Pax6 was recently reported to bind to upstream regulatory regions of the meis1 gene in the embryonic zebrafish retina (Royo et al., 2012) . The possibility of mutual regulation between Meis and Pax6 is intriguing and may represent a simple but effective way by which cell fate decisions can be stabilized. Whether Pax6 expression is also under direct control of Meis in the adult SVZ, RMS and OB is unknown, as the regulatory elements that drive Pax6 expression in these cells and tissues have, to our knowledge, not yet been characterized.
Meis2 participates in adult neurogenesis and PGN subtype specification siRNA-mediated knockdown or retroviral misexpression of function-blocking constructs of Meis2 inhibited general neurogenesis when SVZ-derived stem and progenitor cells were transduced and dopaminergic PGN differentiation when neuroblasts in the RMS were targeted. Meis2 thus participates in the transcriptional regulation of genes involved in both processes. Indeed, Meis2 is bound to promoter regions of the Dcx and Th genes in SVZ-derived young neurons and the OB, respectively. Interestingly, Dcx expression depends on the SoxC type transcription factors Sox4 and Sox11 in newly generated hippocampal neurons (Mu et al., 2012) . Because Meis2 (and the related Meis1) are not expressed in the hippocampus, contextdependent differences probably exist in the regulation of basic neurogenic programs, such as the transcriptional activation of Dcx, in both neurogenic niches.
In contrast to Pax6, Dlx2 or Sox4/11, Meis2 transduction alone did not promote neurogenesis. This is surprising at first, considering that it forms higher order protein complexes with Pax6 and Dlx2. Possible explanations derive from studies on skeletal muscle differentiation and mid-and hindbrain development. MyoD, a bHLH transcription factor required for the initiation of skeletal muscle differentiation, is targeted to promoters of downstream genes, such as myogenin, by a Pbx/Meis-containing protein complex that is present at these sites prior to MyoD (Berkes et al., 2004) . In the embryonic zebrafish hindbrain, by contrast, Meis3 displaces histone deacetylase 1 (Hdac1) from Hox/Pbx-containing transcriptional complexes and thereby overrides Hdac-mediated repression of Hox target genes (Choe et al., 2009) . Similarly, Meis2 can release Otx2 from groucho-mediated repression during early stages of chick midbrain development, which entails the expression of tectum-specific genes (Agoston and Schulte, 2009) . In all three systems, Meis family members activate transcription indirectly by orchestrating the temporally and spatially controlled assembly and disassembly of transcription factor complexes, which build around tissue-specific master regulatory proteins. The results reported here raise the intriguing possibility that Meis proteins may fulfill a similar function during the activation of neurogenic programs in the adult SVZ-OB system. In contrast to the systems described above, however, the interplay of transcriptional regulators involved in adult SVZ-OB neurogenesis, the hierarchy in which they act and the regulatory elements to which they bind are still largely unknown. A more comprehensive view of the transcription factors that orchestrate adult SVZ neurogenesis, and the regulatory elements they act upon is therefore required before the precise role of Meis proteins in this context can be determined.
MATERIALS AND METHODS
Animals and stereotactic injections
Stereotactic injections in 5-to 8-week-old C57/bl6J mice were performed as described (Brill et al., 2008) . All procedures involving animals were approved by the local animal care committee and were in accordance with the law for animal experiments issued by the state government. Neurospheres were prepared, propagated and differentiated as described (Brill et al., 2008) . Second or third passage neurosphere cells were used for all experiments but ChIP, for which first-passage neurospheres were used. For retroviral infection, neurospheres were resuspended in 1.2 ml EGF/FGF2-containing medium and incubated for 3 hours at 37°C in the presence of retroviral stocks at 2-4×10 4 CFU/ml. The average rate of neurosphere transduction was 64.77% (±23.02%; n=17 independent experiments).
Analysis of Meis2-containing protein complexes
GST pulldown and co-immunoprecipitation experiments were performed as detailed (Agoston and Schulte, 2009 ). Meis2, Dlx2 and Pax6 were generated in vitro by TNT-coupled transcription/translation (Promega) according to the manufacturer's instructions. Truncated forms of the proteins have been described previously (Agoston et al., 2012) or were generous gifts from D. Engelkamp (University Erlangen-Nürnberg, Germany)
Reporter assay
The luciferase reporter construct DCX2073 contains the genomic fragment of NT -3838 to NT -1765 upstream of the DCX start codon [corresponding to pdcx2kb of Piens et al. (Piens et al., 2010) ] subcloned into pGL3basic (Promega). Additional luciferase reporter constructs contain (relative to ATG): DCX1112: NT -2877 to -1765 [overlapping region of the promoter/enhancer regions identified previously (Piens et al., 2010 and Karl et al., 2005) ]; DCX876: NT -2641 to -1765 (deleting the ChIP amplicon surrounding TALE binding site DCXI); DCX761: NT-2641 to -1880 (deleting TALE bindings sites DCXI and DCXII). HEK293T cells were chosen for reporter assays because of their low endogenous Meis2 expression. Cells were transfected with 140 ng of the above reporter constructs together with 40 fmol each of Pbx1b-pCS2+, Meis2b-pMIWIII and Pax6(-5a)-pMIWIII. A plasmid expressing Renilla luciferase under the control of the human elongation factor 1 (Hef-1) promoter was cotransfected for normalization, luciferase assays were performed in triplicates 48 hours after transfection according to Dyer et al. (Dyer et al., 2000) .
In situ hybridization, immunohistochemical analysis and BrdU labeling
The cDNAs used to generate in situ probes were as described (Heine et al., 2008) or were generous gifts from D. Engelkamp (University ErlangenNürnberg, Germany). In situ hybridization on 70-μm vibratome sections of paraformaldehyde (PFA)-fixed tissue was performed as described (Heine et al., 2008) , immunohistochemical detection on 13-μm frozen sections as detailed (Bumsted-O'Brien et al., 2007) , and immunohistochemical detection on 50-to 70-μm vibratome sections as described (Brill et al., 2008) . Primary antibodies used are listed in supplementary material Table S1 . Unless noted in the text, the absolute cell numbers that were counted for each condition and the number of technical replicates are given in supplementary material Tables S3-S5 . Neurogenin 2-expressing cells were visualized in a published transgenic mouse line . For detection of proliferating cells, the DNA base analogon 5′-bromo-2′-deoxyuridine (BrdU; Sigma Immunochemicals) was injected intraperitoneally (50 mg/kg of body weight) 1 hour before perfusion to label fast-proliferating cells. For long-term labeling, BrdU was added for three weeks to the drinking water at a concentration of 1 mg/ml and exchanged twice a week.
Retroviral constructs, virus preparation and siRNA-mediated knockdown
Meis2EnR blocks the function of endogenous Meis1 and Meis2 in a dominant-negative manner and the effect of Meis2EnR is specific for tissues expressing endogenous Meis proteins (Agoston and Schulte, 2009; Heine et al., 2008) . To generate CLIG-Meis2, full-length murine Meis2b was amplified from mouse SVZ tissue and cloned into pCLIG (Hojo et al., 2000) . CLIG-GFP served as control. Viral stocks were prepared as described (Brill et al., 2008) and diluted to equal titers before injection.
Oligonucleotide sequences for siRNA-mediated knockdown of Meis1 or Meis2 expression were 5′-CAGUGAAGAUGUAACAAGA-3′ for murine Meis1 and 5′-UCAUGAUAUUUGUCGCGAC-3′ for murine Meis2 (Cy5-labeled at 5′ ends; Eurogentech, Liège, Belgium). RNA duplexes were transfected into neurospheres using GeneTrans II (MoBiTec, Germany; following manufacturer's instructions). Knockdown was at least 80% judged by western blot; control siRNAs were ineffective. Twenty-four hours after viral or siRNA transfection, the cells were differentiated as described (Brill et al., 2008) .
Chromatin immunoprecipitation (ChIP)
First passage neurosphere cells (1-2×10 7 per ChIP) were transduced with Pax6 for 48 hours, plated on laminin-coated tissue culture dishes at a density of 5×10 6 cells per 10-cm dish and differentiated for 7 days in the presence of 2 ng/ml FGF2 and 20 ng/ml BDNF (Preprotec). Per ChIP experiment and antibody used, 1×10 7 in vitro-differentiated cells or undifferentiated neurosphere cells, 3.5 freshly dissected dentate gyri or 0.7 OB were used. ChIP was performed according to Kutejova et al. (Kutejova et al., 2008) with the following modifications: chromatin was cross-linked in 2% freshly prepared PFA for 23 minutes at 4°C under gentle agitation. OB or dentate gyrus cells were mechanically dissociated on ice, washed twice with PBS (containing Complete tablets; Roche) and cross-linked as above. Chromatin was sheared to an average length of 200-600 bp with a Bioruptor Plus (Diagenode, Liège, Belgium). Ten micrograms of the antibodies listed in supplementary material Table S1 were used for chromatin precipitation, except RNA polymerase II for which 2 μg were used. Immunoprecipitation was carried out over night at 4°C. Chromatin-immune complexes were isolated with a 1:1 mixture of ProteinA:ProteinG Dynabeads (Invitrogen). Crosslinking was reversed for 5 hours at 65°C with shaking (at 1500 rpm). DNA was purified from the precipitates with the MinElute PCR Purification Kit (Qiagen; final elution volume 50 μl). Chromatin immunoprecipitates were amplified with the primers listed in supplementary material Table S2 . For quantitative real-time PCR, 8 μl of the eluted chromatin samples were used per reaction. PCR was performed in duplicate with the ABsolute QPCR SYBR Green Fluorescein Mix (ThermoFisher Scientific) on a BioRad MyiQ Real-Time PCR Detection System (Bio-Rad Laboratories). Enrichment of precipitated DNA was determined relative to the input (1:100) as 100×2 (Ct adjusted Input -Ct IP) . Standard error was calculated between experimental replicates. For regular PCR, the logarithmic phase of amplification was determined empirically based on the amplification of the precipitates obtained with RNA polymerase II-specific antibodies and the mock-IgG controls. Generally, 25 cycles were performed with 2 μl of the eluted chromatin samples or input (1:50), PCR products were visualized on 4% TAE agarose gels. In silico transcription factor binding site prediction was performed using the Genomatix Software Suite (Munich, Germany) or based on unpublished results of D. Penkow (Lomonosov Moscow State University, Russia).
Statistical analysis
The total number of animals, injected brain hemispheres, technical replicates and number of cells counted per experiment are summarized in supplementary material Tables S3-S5 . Standard deviation was calculated between injected hemispheres and technical replicates respectively. Error bars represent s.e.m. Comparison between two groups was performed with unpaired Student's t-test, comparison between three or more groups was carried out by one-way ANOVA followed by Tukey's Multiple Comparison post-hoc test (Prism 5.01, Graph Pad). Statistical significance was assumed when P<0.05, indicated as *P<0.05, **P<0.01, ***P<0.001.
